Introduction
are important in helping to elucidate the complex dynamical and chemical processes that influence atmospheric composition. Balloon' and rocket-borne2 experiments have enabled atmospheric scientists to make measurements in the troposphere and stratosphere, while satellites such as Dynamics Explorer II have provided global coverage at much higher altitudes. 3 The mesopause, located near an altitude of 87 km, has proved to be one of the most difficult regions to study experimentally, being too high for balloon and too low for satellite observations. The majority of observations in this region have been obtained either by rocket sounding or by remote sensing of naturally occurring emissions in the infrared, visible, or ultraviolet spectrum. Rocket experiments provide excellent coverage in altitude at a particular time and location, but they are not capable of providing long-term measurements. Lidar techniques offer the greatest potential of providing high-resolution temperature and wind measurements at stratospheric and mesospheric altitudes, but it is only very recently that lidar techniques have developed so that the region near the mesopause can be studied using this technique. 4 The measurement of atmospheric temperature and wind velocity by observing airgiow emissions confined to narrow altitude bands continues to be one of the most costeffective methods available.
Essentially all airglow studies are made during the hours of darkness, because of the difficulty of discriminating against the overwhelming solar background during daylight hours. Many measurements have been made at high latitudes, where good weather conditions, together with continuous darkness in winter, allow long series of observations to be obtained.57 Ireland is not an ideal location in which to place an observing
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site for ground-based optical observations. Poor and very variable weather conditions together with high relative humidity and the absence of suitable high-altitude observing sites pose the greatest problems. The very difficulty of obtaming such measurements, however, renders their significance all the greater, particularly in helping to constrain global atmospheric models that often suffer from a lack of data points in certain latitude and longitude sectors. Figure 1 taken from Ref. 8 shows the global distribution of optical stations involved in upper atmosphere studies.8 Ireland's position on the western perimeter of Europe represents an important location in filling the void between the United States and mainland Europe. Quite distinct from the role that an atmospheric observing site in Ireland can play as an element in a global grid of stations, its latitude is in the center of the range where high altitude (-82 km) noctilucent clouds (NLCs) are observed during twilight in summer. NLCs are observed most frequently in the latitude region 50°to 60° on either side of the equator in summer months, when the sun is between 6° and 1 6° below the horizon. They are important in mesospheric physics because they lie close to the mesopause, and because it appears that their frequency of occurrence is on the increase.
It is believed that this may be related to increasing concentrations of methane coupled with decreasing mesospheric temperatures. The ideal zone for viewing them9 is 53°to 57°. From this point of view, Ireland should be a good location from which to undertake a study of the correlation between noctilucent cloud formation and mesopause temperature. The role of internal gravity waves in maintaining the thermal structure of the mesopause is currently the subject of a number of investigations . ' 0 1 2 These waves propagate through the stratosphere and mesosphere and dissipate their energy near the mesopause. Tropospheric convection, orographic effects, and even large-scale ocean waves are believed to be sources of these waves. Ireland's location at the edge of a vast expanse of open water with a prevailing westerly wind suggests that it might also be a good place from Abstract. Ground-based measurements of upper atmospheric parameters, such as temperature and wind velocity, can be made by observing airglow emissions that have a well-defined altitude profile and that are known to be representative of the emitting region. We describe the optical observatory at Maynooth (53.23° N, 6.4° W) at which two instruments, a Fabry-Pérot interferometer and a Fourier transform spectrometer, are used to record atmospheric airglow emissions in Ireland at visible and near-infrared wavelengths, respectively. Descriptions of the instruments, data acquisition, and analysis procedures are provided, together with some sample results.
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Measurements of atmospheric parameters such as temperature and wind velocity, as a function of time and location, which to search for short-period (10 to 20 mm) gravity waves, since it has been suggested that the interaction of strong winds with mountains might be a source oflee-type gravity 2 This paper describes a small optical observatory located on the campus at Maynooth College (53.2°N, 6.4° W), which houses a Fourier transform spectrometer and a Fabry-Pérot interferometer, for the purpose of measuring temperature and wind velocity in the upper mesosphere and lower thermosphere region. Descriptions of the instruments, data acquisition, and analysis procedures are provided, together with some sample results. Data recorded at Maynooth form part of a ground-based validation campaign for the Upper Atmosphere Research Satellite, through a collaboration with the Space Physics Research Laboratory of the University of Michigan.
Instrument Descriptions

Fourier Transform Spectrometer
The Fourier transform infrared (FTIR) spectrometer is based on a Michelson interferometer design and was supplied by Bomem Inc. A thermoelectrically cooled InGaAs detector is employed, which has maximum sensitivity in the wavelength region 1 to 1.65 rim. This range includes the rotational bands associated with (v =2) vibrational transitions of the hydroxyl molecule. An internal He-Ne laser provides accurate data sampling, and the instrument has a maximum resolution of 2 cm . Inthis study, the resolution is set at 4 cm ,which enables a complete interferogram to be acquired in about 5 s and represents a compromise between integration time and resolution. The instrument has a field of view of 1 .5 deg and typically 50 interferograms are coadded to increase the signal-to-noise ratio. The composite interferogram is apodized using the Hanning window, and a spectrum is obtained by Fourier transforming the apodized interferogram. The relative spectral response of the detector is determined by calibration with a low brightness source (LBS) whose area is sufficient to completely fill the field of view of the instrument and is similar in construction to that described by Dandekar and Davis.'3 The calibration of the low brightness source is traceable to a primary standard, and we estimate that radiances calculated on the basis of this source are accurate to 10 to 15%. Figure 2 , recorded shortly after midnight on 5
September 1993 with an integration time of 4.5 mm, is a typical spectrum showing both the OH(3,l) and (4, 2) vibration-rotation bands. The altitude of maximum emission of these bands in the night airglow is near 87 km.
Fabry-Pérot Interferometer
The profile associated with the atomic oxygen emissions at 557. 7 and 630 nm; wavelength selection is achieved using narrow passband filters (2 and 6 A, respectively). Details of the instrument parameters are listed in Table 1 . The detector, which was provided by the University ofMichigan, is one of a series of devices developed for the Fabry-Pérot interferometer on board the Dynamics Explorer II satellit&4 and has also been used for ground-based studies at high It comprises an S20 photocathode of diameter 1 .2 cm, three microchannel plates as the gain element, and an anode comprising 1 2 concentric annuli each of equal area. The device operates as if it were 12 distinct photomultiplier tubes, with a separate counting channel for each anode. Dark counts are reduced by cooling the detector using a thermoelectric cooler, which reduces the temperature at the cathode by about 40°C below ambient. Condensation on the detector window is prevented by the use of a thermopane window.
The Fabry-Pérot plates are optically contacted using three zerodur spacers, 1 cm in height, and are mounted in a rigid invar cage enclosed in a pressure-sealed aluminium housing. Fine parallelism adjustment is achieved by applying pressure to the plates over the zerodur spacers via invar springs. The contact area between the housing and the Fabry-Pérot plates is kept to a minimum to reduce the conduction of heat of the dtalon through the mount.
Fabry-Pdrot fringes are focused onto the detector via a 1-rn focal length lens. The optical system is such that the 12 channels of the detector intercept about 60% of a full free spectral range. The choice of optical parameters is a cornpromise between obtaining a good description of a line profile in the 12 channels, i.e., that the sky profile straddles at least 6 to 7 channels, while at the same time enabling the background signal level to be established accurately. Positioning of an interference fringe in the center of the 1 2 channels is achieved by changing the pressure in the sealed étalon housing via a motor-driven pressure controller, which is under the control of the data acquisition computer. The pressure controller also plays a vital role in determining the instrument response as described in Sec. caused by the fact that channel 1 1 was inoperative in the detector employed in this study. Equation ( 
Oxygen 01 S Emission
The Doppler broadening of an emission line, with an unshifted nominal wavelength X0 from a source in thermal equilibrium at a temperature T is given as
where k is Boltzmann' s constant, c is the speed of light, and m is the mass of the emitting atom. Any line-of-sight Doppler shift X is used to determine a wind velocity vector v from the relation v=-c .
xo
Combining observations from each of the cardinal directions (north, south, east, west) allows a wind velocity vector to be determined for the observing station. The spectral line recorded by the Fabry-Pérot interferometer is a convolution of the Doppler broadened emission line source and instrumental broadening. It is therefore necessary to deconvolve these two effects before attributing a temperature to the emitting region. In this study, the instrumental profile was determined by recording the output from the instrument when illuminated uniformly by a frequency stabilized He-Ne laser that emits a spectral line of negligible Doppler width at 632.8 nm. The response of each of the 12 detector channels is recorded as a function of pressure over three free spectral ranges. This allows the calculation of the instrumental response in terms of a series of Fourier sine and cosine coefficients for each channel as described by Killeen and Hays.2' These coefficients are then corrected for the change in wavelength from 632.8 nm to the wavelength of the oxygen 0'S emission, which is at 557.7 nm. Synthetic profiles are generated by convolving the instrument description with generated Gaussian profiles for known values of temperature, wind velocity, signal, and background intensity. A nonlinear least-squares fitting approach is used to determine the optimum fit between the generated and recorded profile. The values of temperature, wind velocity, signal, and background intensity are then assigned to the emitting altitude at the time of the observation. Figure 4(b) shows the best-fit synthetic profile to the measured profile shown in Fig. 4(a) for an emission temperature of 208 K, and a line-of-sight wind velocity of 24 mIs. Figure 6(a) shows an example set of temperatures recorded on 26-27 September 1 993 using this method, while Fig. 6(b) shows the corresponding zonal wind velocities.
Environmental Considerations and
Data-Taking Procedure The observatory was designed to allow the two instruments to function in daily unattended operation. The observer typically initiates the observing program before leaving in the evening; the program then waits until the sky becomes suitably dark as determined by a light sensor, before commencing observations. With the approach of dawn the instruments cease observing and return to the dormant state. The layout of the observatory, with separate rooms for the Fabry-Pérot interferometer, Fourier transform spectrometer, and control room, is shown in Fig. 7 .
The temperature of the room housing the Fabry-Pérot interferometer is controlled to better than 0. 1°C so as to avoid unintended shifts in the position of the fringe peak due to temperature effects. Light from the sky enters the room through a clear Perspex dome and is directed toward the Fabry-Pérot interferometer by a mirror system mounted in the dome. The position of the mirror in azimuth and altitude is controlled by the data acquisition computer. A small ring heater positioned at the base of the dome dissipating about 250 W of heat is sufficient to keep the dome clear of condensation at all times. During calibrations, light from the sky is prevented from entering the room by a shutter, which acts as a reflection screen for the calibration source.
The FTIR instrument has been designed to be used in demanding conditions, and it does not have the stringent environmental requirements of the Fabry-Pérot interferometer. An identical instrument has been employed to obtain measurements from an aircraft during the Airborne Lidar and Observations of the Hawaiian Airgiow Campaign (ALOHA-90).22 It is supplied with data acquisition software from the manufacturer, which can be tailored to the user's needs through the use of keystroke macros. This instrument was placed in a second room in the observatory that was fitted with an opening window, made from clear Perspex. We decided to record all sky data with the window in the open position, due to the presence of many absorption bands in Perspex at infrared wavelengths. At the start of observations for a particular night, the window is opened and a timer is started. The instrument is protected from the elements by a rain detector, which if activated causes the window to close and the timer to stop. Unfortunately, any data recorded after the time of the window closing has to be discarded. Intensity calibration of the FTIR is performed by replacing the input minor by a demountable low brightness source. Figure 8 shows the times during which OH observations were obtained at Maynooth during 1993. The FTIR instrument was functional at all times during the year, and the gaps are caused by unsuitable weather conditions. This figure is included here as an indicator of the fraction of time available for observations in Ireland. An average value of temperature has been calculated for each night on which data were recorded at Maynooth during 1993 and is shown in Fig. 9 . The well-known winter-summer variation for a midlatitude station, with the minimum in summer and maximum in winter, is clearly evident in these data. The generally accepted explanation of this apparent inversion is that the cold summer (warm winter) mesopause is maintained through adiabatic cooling (warming) produced by a strong summer-to-winter meridional cell that is driven by breaking vertically propagating gravity waves.23 Also shown in the figure are the temperature results obtained by Clancy and Rusch24 from data recorded by the Solar Mesosphere Explorer (SME) satellite for an altitude of 86.5 km at a latitude of 500 N. The close correspondence between the SME results and the data recorded in this study helps to confirm that the instrument performance and methods used to calculate temperatures are reliable. Figure 9 also shows the predictions ofthe MSISE-90 model25 for an altitude of 87 km at a latitude of 53°N. The model predicts a mean temperature of 1 85.7K, which is some 15 K below that measured in this study. Results ofa harmonic analysis applied to both the model and the measured temperatures are shown in Table 2 and are in very good agreement.
Results
Annual Variations in Mesopause Temperature
Combined Results from Both Instruments
It is widely believed that temperature fluctuations at mesopause altitudes, which have timescales ofthe order of minutes to hours, are the result of vertically propagating acoustic gravity waves from lower in the atmosphere.6'7"7 Noxon26 was the first to suggest that conclusive evidence for the pas- sage of an atmospheric gravity wave could be obtained by observing simultaneously different airgiow emissions origmating from two different altitude regions. The altitude of the peak emission for the OH band27 is centered near 87 km, while the 01S emission28 maximizes at 95 kmin midlatitudes with a small contribution from the thermosphere near 250 km.
It must be recalled, of course, that these layers are several kilometers in depth and that these are the altitudes ofthe peak emissions only. Assuming that the emissions represent the altitudes at the peak of the emission, we can calculate parameters associated with vertically propagating acoustic gravity waves. Figure 10 shows temperature values calculated from both the OH emission and the 0 S atomic oxygen emission for the night of 27-28 September 1993. To emphasize the correlation between the two data sets, the atomic oxygen results, which are representative of the higher altitude, have been shifted backward in time by 20 mm. This is the result that one might expect, assuming that the temperature fluctuation observed in both emissions is the result of a wave motion propagating upward from below the mesopause. The phase lag between the two fluctuations has been used to estimate a vertical velocity, assuming that the altitude difference between the two layers is known. A knowledge of the vertical velocity and the wave period, which can be obtamed from either data set, allows the vertical and horizontal wavelength to be determined.29 These are important parameters in developing models of gravity wave propagation through the mesosphere.3° Table 3 presents a list of the parameters that were calculated from the two data sets recorded at Maynooth on 27-28 September 1993. The values of period, vertical, and horizontal wavelength deduced are consistent with the summary of gravity wave parameters reported by 6 Summary The Fourier transform spectrometer described has been used to make observations on all cloudless nights when the moon is low since December 1992, while the Fabry-Pérot interferometer has only been used routinely since July 1993. The frequently poor observing conditions in Ireland, together with a site altitude of only 60 m above sea level, make it difficult to obtain long sequences of observations. Good-quality OH spectra were recorded, however, with an integration time of 5 mm on 1 14 clear or partially clear nights during 1993. The Fabry-Pérot interferometer is much more sensitive to scattered light and could not be operated nearly as frequently as the FTIR. Nevertheless, we believe that the results shown in this paper demonstrate the feasibility ofobtaining meaningful geophysical measurements from Ireland in spite of the difficulties usually encountered. 
